Arterial stenoses consisting of atherosclerotic plaque are subject to mechanical forces under pulsatile blood flow that may cause plaque rupture, which often leads to heart attack or stroke. Arterial plaques vary in the relative quantity and spatial organization of their component parts. We developed a more realistic multi-component composition arterial stenosis model made of hydrogel. The stiffness parameter of the non-stenotic region of the model was similar to that of human coronary arteries. The soft hydrogels were used as a model of the plaque and lipid core. We used this stenosis model to evaluate plaque deformation under a pulsatile flow system that mimicked the diastolic predominant flow phenomenon. The flow rate, pressure and deformation of the stenosis model were examined. The flow rate was found to increase as the stiffness of the plaque decreased. Maximum deformation of the stenoses appeared in the upstream area and a softer plaque model lead to larger deformation. The position of the lipid core in the plaque model did not significantly affect the flow rate but was an important factor in deformation.
Introduction
Physical conditions can lead to unexpected rupture of atherosclerotic plaques, which may cause fatal complications such as heart attack or stroke (1) (2) (3) . In arterial plaques, thickened intima contains atheroma, which is composed of varying amounts of collagen, elastin, cell debris and lipids. Arterial plaques also vary in the relative quantity and spatial organization of their component parts and evidence suggests that these are important predictors of plaque stability (4) . The risk of plaque rupture apparently depends on plaque composition rather than plaque volume (5) . Arterial stenoses consisting of atherosclerotic plaque are subjected to mechanical forces by pulsatile blood flow and these may also affect plaque rupture (6) . Because it is difficult to observe the plaque in a real artery, many studies have relied on numerical computation but none have used experimental flow systems to validate the results. Thus, it would be useful to develop a system that could simulate a realistic arterial stenosis and demonstrate plaque deformation during flow. We previously developed experimental stenosis models that closely approximated an arterial disease situation and reported the characteristics of flow and deformation related to the changing geometry of the stenosis and the existence of a lipid core (7) (8) (9) . However, the models used were straight, their diameters were approximately 8 mm and their stiffness did not approach that of coronary arteries. Coronary circulation has a distinct characteristic in which blood flows backwards and forwards during systole and diastole, a phenomenon termed "diastolic predominant flow". We also previously developed a device that reproduces diastolic predominant flow (10) but the models used in that study had only a single component composition and the stiffness of the plaque was the same as that of healthy vessels. A new stenosis model, with a multi-component composition, was developed in the current study, more closely approximating a diseased coronary artery. The approximate diastolic predominant flow applied also reproduced physiological pressure.
Methods

Stenosis model
We used a polyvinyl alcohol (PVA) hydrogel to construct the stenosis model. An aluminum mold with a plastic core (as the lumen) was manufactured. For Model A, a PVA aqueous solution was poured it into the mold to make Hydrogel A. For Models B and C, a PVA aqueous solution to synthesize Hydrogel B was coated onto the plaque portion placed on the plastic core in advance. For Model C, a special lipid core model was made of very soft PVA hydrogel, attached while coating the PVA aqueous solution for Hydrogel B. After pouring, the mold was subjected to five cycles of freezing at -30 °C for 12 hours and thawing at 5 °C. The plastic core was broken and removed after these freeze/thaw cycles. The PVA hydrogel could be shaped into a form representing a diseased coronary stenosis. The shape and a photograph of the stenosis are shown in Fig. 1 . The stenosis severity could be changed by altering the shape, following a sinusoidal curve. The nominal stenosis severity and eccentricity of the stenosis model are given as follows:
Nominal stenosis severity
where Ds, D, and e are the minimum diameter at the throat, the upstream diameter, and the eccentric distance between the centers of the lumen and the outer surface, respectively. We used stenosis models with St = 70%, and Ec = 100%. Three kinds of plaque are shown in Fig. 2 , for which different components were made from three types of PVA solution. Hydrogel A was made from a 25 wt% PVA aqueous solution with dimethylsulfoxide (DMSO). The concentration of DMSO in the PVA aqueous solution was 81.5 wt%. Hydrogel B was made from a 10 wt% PVA aqueous solution with DMSO. Hydrogel C was made from a 5 wt% PVA aqueous solution without DMSO. Fig.  2(a) shows the most rigid plaque stenosis model (Model A), made from Hydrogel A. Model A was the same homogeneous model as used in our previous study (10) . Models B and C were developed for this study. . The initial shape of the Hydrogel C was spherical but after insertion into the plaque, it formed an eccentric ellipsoid. The lipid core was not placed at the center of plaque. When the lipid core was placed on the upstream side, the thickness of Hydrogel B in the upstream side was thin; therefore, we defined this arrangement as "Model C upstream thin". When the lipid core was placed on the downstream side, the thickness of Hydrogel B at the upstream side was thick; therefore, we defined this arrangement as "Model C upstream thick". Model C incorporated a lipid core in the soft plaque model, which most closely models the atherosclerotic lesion.
Models were composed of three kinds of hydrogel. Fig. 3 shows the one-axis stretch test result for the hydrogel (the gelation process for test samples was the same as that used for the stenosis model). This result shows the mechanical properties for each composition of the stenosis model. Holzapfel et al. tested the mechanical properties of tissue components in human atherosclerotic plaques (11) . Hydrogel A produced a tube stiffness close to that of coronary arterial walls (adventitia). The mechanical properties of intima are variable (i.e. there is a wide range of values amongst specimens) and the properties of Hydrogel B were within this range. A lipid pool has a liquid consistency and cannot be mechanically tested in the same way as the arterial tissue components (11) . Because it is difficult in practice to form a liquid within the plaque model, we chose to use Hydrogel C rather than a lipid pool. Hydrogel C is the softest hydrogel that can be made from an aqueous solution. Hydrogel C cannot represent the exact mechanical properties of a lipid pool but the effect of the presence of much softer region mimicking lipid pool can be discussed. Small bubbles appeared in the tube wall (Hydrogel A), but as the tube wall is very stiff, and the diameters of bubbles are small (less than 0.5mm), no changes in bubble shape was observed during the experiment. We, therefore, concluded that the presence of small babbles did not affect the deformation of the stenosis model. Hayashi et al. analyzed the static behaviors of arterial walls via changes in external radii due to distending pressure (12) (13) , assuming that a simple exponential relation existed between the relative pressure and the distension ratio. The stiffness parameter is defined as β = ln (P 70 / P 100 ) / (D 70 / D 100 -1) (3) where P 70 is luminal pressure = 70 mmHg, P 100 is luminal pressure = 100 mmHg, D 70 is the outside diameter for P 70 , and D 100 is the outside diameter for P 100 . The stiffness parameter of the non-stenotic region of the model was 30, which is similar to that of human coronary arteries.
Experimental setup
The experimental setup is illustrated in Fig. 4 . The stenosis model was fixed onto rigid pipes and placed in an acrylic case, then connected to a continuous pressure perfusion system. Flow from an upstream, constant-head reservoir was pressurized as the direct current component of pulsatile flow. A computer-controlled gear pump (MCP-Z; Ismatec), connected to the upstream tube, provided the alternating current component of the flow. A downstream constant-head reservoir was set up as the resistance distal to the stenosis. Upstream (P 1 ) and downstream (P 2 ) pressures were continuously measured using pressure transducers (SD 130; Toyoda Machine) placed at junctions between the rigid tube and the stenosis model. The average upstream pressure was set at 90 mmHg. Because the flow channel was rigid, capacitance in the channel was negligible, except in the stenosis model. Water at room temperature was used as the working fluid, with a kinematic viscosity (ν) of 0.01 cm 2 /s. Two electromagnetic flowmeters (MagneW 3000FLEX; Yamatake) were installed in the perfusion line to continuously measure the upstream (Q 1 ) and downstream (Q 2 ) flow rates, and were located 80 mm outside the box. Labview software (National Instruments) was used to operate, control and acquire data. The blood flow waveform was used as the input signal for controlling the gear pump, as it was similar to that in the coronary artery. The frequency of pulsatile flow was 1.0 Hz. The Womersley number in this study ranged approximately between 5 and 8 and the peak Reynolds number in tube area of the stenosis model was approximately 1500. These values are slightly greater than the physiological range but the variations in flow and deformation are not expected to be significantly influenced by the slight difference between these values. 
Results and Discussion
All average upstream pressures were fixed at 90 mmHg in this study. Figure 5 shows the typical phasic recordings of upstream and downstream pressures and flow rates for one cycle. In Fig. 5 , all of the average downstream pressures were fixed at 70 mmHg. Three stenosis models having the same nominal stenosis severity were studied. The phase of the upstream flow in the figures can be defined as systole from 0-120° and diastole from 120-360°. The flow rates during the posterior half of systole and the anterior half of diastole were greater than those during other phases and the flow was similar to the diastolic predominant flow. In these experiments, upstream pressure and downstream pressure wave forms showed no obvious changes. The peak upstream and downstream flow rates increased with decreasing plaque stiffness. The flow rate amplitudes increased both upstream and downstream.
The average downstream pressure was changed from 10 to 80 mmHg in 10 mmHg increments. The measured average downstream flow rate is shown in Fig. 6 . The flow rate measured in Model A was close to that in Model B and the flow rate in Model C upstream thin was close to that in Model C upstream thick. The flow rate difference was approximately 0.3 ml/s between Models A, B and C. All the models had same tube wall so the differences in flow rates were caused by the different plaques. Using images taken by a CCD camera, the luminal diameters upstream, in the downstream straight portion and the throat of the stenosis were measured by GIMP (GNU General Public License as free software) image software. The models could expand and shrink under pulsatile flow, so the diameter at the maximum upstream pressure and minimum pressure were measured. To compare the deformations, the measured diameters were calculated with Equation 4, as follows:
Normalized severity
where D i is diameter at seven positions (i = 1 to 7) and D 1 is used as the nominal diameter. Figure 7 shows the seven positions at which diameters were measured. It should be noted that, for convenience, the diameter was measured over a vertical section, rather than normal to the axis of the curved tube but, as the angle between the vertical line and the normal line was small (the maximum being < 8.28°), the error would be negligible. The diameter measured at position 4 was the minimum diameter at the throat. The results of diameter measurements are shown in Fig. 8 . The normalized severity at position 4 was always smaller than the nominal stenosis severity of 70%, which shows that the models always expanded during the experiments. In both Fig. 8 (a) and (b) , Model A has the maximum normalized severity, meaning that the Model A plaque was difficult to compress. At position 3, the normalized severity of Model B was larger than that of Model C upstream thick and smaller than that of Model C upstream thin. This shows that the deformation here depended on the thickness of the region outside the lipid core and may, perhaps, explain the fact that most disrupted plaques contain 'soft' centers (14) . These soft centers permit the plaque itself to be altered and distorted and soft plaques have been identified as having a greater tendency towards clinical symptoms by comparison with hard plaques (15) . Deformations of Model B and C at position 5 were similar. This is explained by the fact that that the pressure acting on the downstream side of the plaque was small, because a low pressure region would occur at the downstream side of the stenosis due to the separation of flow at the throat. At the throat, St* of Model B was at a minimum, but we believe the throat area of Model B may not be the actual minimum and the shape of the lumen at the throat may not be circular but elliptical. The reason for this is that the plaque was composed of an incompressible hydrogel material and was, therefore, different from a simple tube. The soft plaque and lipid model in the stenosis was not deformed only in the radial direction of the lumen but three-dimensional deformation occurred. When the upstream portion of the plaque was compressed, the throat portion may have been expanded. By examining the stenosis model with multi-component composition using the diastolic predominant flow system, we found results as follows:
1) The flow rate increases as the stiffness of the plaque decreases but the change in flow rate is not large. Under the same constant average pressure condition, the flow rate in Model C was approximately 10% greater than in Models A and B.
2) Pulsatile flow can lead to the deformation of stenosis models. Different deformation is caused by various kinds of plaques, with a softer plaque leading to a larger deformation. The position of the lipid core does not significantly affect the flow rate, but it has a large effect on deformation. The thickness of the lesion wall outside the lipid core can also affect deformation, with a thinner lesion wall leading to a larger deformation. The maximum deformation appeared on the upstream side of the plaque, because the pressure in the upstream region is higher than that downstream. Three-dimensional measurement should be carried out in future work.
An increase in flow velocity on the distal side of the stenosis causes a negative transmural pressure, so the stenosis may cause collapse of a 'soft' carotid stenosis model. In this study, we used stenosis models with β = 30, similar to the human coronary artery and did not find a collapse of the stenosis model. We expect that if the Hydrogel C was changed to a liquid more like real lipid, the whole plaque would be softer and its deformation would be larger. In real plaque, fibrous tissue appears on the plaque's surface and calcium appears within the plaque. The stress concentration around the fibrous tissue and calcium may arise through larger deformation and may cause plaque rupture.
A more viscous working fluid could ideally be used to more closely mimic the viscosity of blood but we considered that the effect of the difference in viscosity between blood and water would be small in this experiment. However, the use of a more realistic blood analog fluid will be required to obtain a more realistic in vitro model in future studies.
Conclusion
In this study, a simple, multi-component composition, stenosis model was developed. Different plaque stiffness affected the flow rate at a low level. Pulsatile flow caused deformation of the stenosis models. Deformation clearly occurred in the region upstream of the plaque and the lipid core was a very important factor in the deformation. A thin lesion wall around the lipid core is a key element in deformation. In future work, the three dimensional measurement of the deformation in the stenosis model is planned and validation will be performed by numerical simulation of the experimental model. We intend to develop a more realistic stenosis model, incorporating accurate mechanical properties, volume and positioning of the lipid core, a fibrous cap and calcium within the plaque.
